1. Introduction {#sec1-nanomaterials-10-00235}
===============

Neurodegenerative proteinopathies are characterized by the formation of misfolded protein aggregates, which cause cellular toxicity and contribute to cellular proteostatic collapse \[[@B1-nanomaterials-10-00235]\]. The human α-synuclein (α-syn), a small lipid-binding protein localized primarily to presynaptic terminals, represents the major component of Lewy bodies, insoluble cytoplasmic aggregates found in the neurons of Parkinson's disease (PD) patients \[[@B2-nanomaterials-10-00235]\]. Although the exact function of α-syn remains unknown, it seems to be involved in the regulation of vesicle trafficking network at the synapses of dopaminergic neurons \[[@B3-nanomaterials-10-00235],[@B4-nanomaterials-10-00235]\] and its dysfunction appears to be a critical determinant for the development of PD \[[@B5-nanomaterials-10-00235],[@B6-nanomaterials-10-00235]\]. Genetic mutations, as well as duplications or triplications of the α-syn locus, are indeed identified in familial forms of PD \[[@B7-nanomaterials-10-00235],[@B8-nanomaterials-10-00235],[@B9-nanomaterials-10-00235]\], and increased expression of α-syn leads to neurodegeneration in several animal models \[[@B10-nanomaterials-10-00235],[@B11-nanomaterials-10-00235]\].

The structural flexibility of α-syn is critical for its function in vivo \[[@B12-nanomaterials-10-00235]\]. α-Syn is an intrinsically disordered protein with an N-terminal domain that adopts an amphipathic α-helical conformation when associated with membranes \[[@B13-nanomaterials-10-00235],[@B14-nanomaterials-10-00235]\], while the hydrophilic C-terminal domain remains unstructured \[[@B15-nanomaterials-10-00235]\]. In physiological conditions, α-syn exists in a tightly-regulated equilibrium between cytoplasmic monomeric (unstructured) proteins and membrane-bound α-syn with α-helix conformation \[[@B13-nanomaterials-10-00235],[@B14-nanomaterials-10-00235],[@B16-nanomaterials-10-00235],[@B17-nanomaterials-10-00235],[@B18-nanomaterials-10-00235]\]. However, in pathological conditions, α-syn undergo a series of lipid-dependent conformational changes leading to the formation of β-sheet-rich aggregates (α-syn oligomers), considered the most neurotoxic forms of α-syn \[[@B19-nanomaterials-10-00235],[@B20-nanomaterials-10-00235],[@B21-nanomaterials-10-00235],[@B22-nanomaterials-10-00235]\], which can further mature into amyloid fibrils \[[@B23-nanomaterials-10-00235]\]. Molecular mechanisms through which α-syn forms oligomeric aggregates and contributes to neurodegeneration remain unknown, but this phenomenon seems to be associated with an overproduction of α-syn (that would cause an increased local α-syn concentration on membranes \[[@B24-nanomaterials-10-00235]\]), a failure of the proteolytic mechanisms that cleave misfolded α-syn, oxidative stress, and mitochondrial overwork \[[@B4-nanomaterials-10-00235],[@B12-nanomaterials-10-00235]\].

In this scenario, it becomes crucial to identify therapeutic approaches against α-syn pathogenicity. Although lacking the multicellular and physiological complexity of the higher eukaryotes, the yeast *Saccharomyces cerevisiae* is a powerful system for studying the molecular basis of synucleinopathies \[[@B6-nanomaterials-10-00235],[@B25-nanomaterials-10-00235],[@B26-nanomaterials-10-00235],[@B27-nanomaterials-10-00235]\]. Overexpression of human α-syn in yeast cells under the control of a galactose-inducible promoter results in dose-dependent toxicity and global cellular dysfunction \[[@B25-nanomaterials-10-00235]\]. Yeast models of α-syn toxicity recapitulate several salient features of PD \[[@B6-nanomaterials-10-00235],[@B25-nanomaterials-10-00235],[@B27-nanomaterials-10-00235],[@B28-nanomaterials-10-00235],[@B29-nanomaterials-10-00235]\]: vesicle trafficking defects, mitochondrial dysfunction, excessive production of reactive oxygen species (ROS), and impairment of the ubiquitin-proteasome system. Several genetic and chemogenomic screenings conducted using yeast models of PD have identified suppressors of α-syn toxicity which are also effective in neuronal models \[[@B27-nanomaterials-10-00235],[@B28-nanomaterials-10-00235],[@B29-nanomaterials-10-00235],[@B30-nanomaterials-10-00235],[@B31-nanomaterials-10-00235],[@B32-nanomaterials-10-00235],[@B33-nanomaterials-10-00235],[@B34-nanomaterials-10-00235],[@B35-nanomaterials-10-00235],[@B36-nanomaterials-10-00235]\].

Cerium oxide nanoparticles (CeO~2~ NPs) have gained great interest in cancer treatment \[[@B37-nanomaterials-10-00235],[@B38-nanomaterials-10-00235],[@B39-nanomaterials-10-00235],[@B40-nanomaterials-10-00235],[@B41-nanomaterials-10-00235],[@B42-nanomaterials-10-00235]\], protection from ionizing radiation \[[@B43-nanomaterials-10-00235],[@B44-nanomaterials-10-00235]\], prevention of retinal degeneration \[[@B45-nanomaterials-10-00235]\] and neurodegenerative diseases \[[@B46-nanomaterials-10-00235],[@B47-nanomaterials-10-00235],[@B48-nanomaterials-10-00235],[@B49-nanomaterials-10-00235],[@B50-nanomaterials-10-00235],[@B51-nanomaterials-10-00235],[@B52-nanomaterials-10-00235]\]. Together with a high biocompatibility \[[@B53-nanomaterials-10-00235],[@B54-nanomaterials-10-00235]\], CeO~2~ NPs are redox-active materials mimicking enzymes involved in oxidative stress response as superoxide dismutase \[[@B55-nanomaterials-10-00235],[@B56-nanomaterials-10-00235]\] or catalase \[[@B57-nanomaterials-10-00235]\] and, as such, can scavenge ROS and nitric oxide \[[@B58-nanomaterials-10-00235]\]. Depending on the environmental conditions, CeO~2~ NPs can reversibly bind oxygen and Ce can shift between Ce^3+^ and Ce^4+^ on NP surface \[[@B59-nanomaterials-10-00235]\]. The antioxidant properties of these NPs are crucially linked to this Ce^3+^/Ce^4+^ redox switch \[[@B58-nanomaterials-10-00235],[@B60-nanomaterials-10-00235],[@B61-nanomaterials-10-00235]\]. However, CeO~2~ NPs have been also found to display oxidase-like activity at acidic pH \[[@B62-nanomaterials-10-00235]\] and to generate noxious ROS in different organisms and cell systems \[[@B63-nanomaterials-10-00235],[@B64-nanomaterials-10-00235],[@B65-nanomaterials-10-00235]\]. Recently, docking studies revealed that, compared with other nanostructured materials, CeO~2~ NPs best fit in the active site of α-syn and interfere with the formation of fibrillar structures of α-syn formed in vitro \[[@B52-nanomaterials-10-00235],[@B66-nanomaterials-10-00235]\]. Therefore, the aim of the present work was to evaluate the effects of CeO~2~ NPs on α-syn toxicity in a validated yeast model that allows us to investigate whether these NPs affect the formation, accumulation and cellular localization of α-syn in vivo, restoring the molecular pathways altered by α-syn overexpression.

2. Materials and Methods {#sec2-nanomaterials-10-00235}
========================

2.1. Cerium Oxide and Amorphous Silica Nanoparticles {#sec2dot1-nanomaterials-10-00235}
----------------------------------------------------

CeO~2~ NPs (Sigma-Aldrich; \<25 nm, particle size) and amorphous silica nanoparticles (ASNPs) used in the present work were previously characterized \[[@B50-nanomaterials-10-00235],[@B67-nanomaterials-10-00235],[@B68-nanomaterials-10-00235],[@B69-nanomaterials-10-00235]\]. ASNPs produced via thermal route (NM-203; 13 nm, mean particle size) were provided by the JRC Nanomaterials Repository (Ispra, Varese, Italy) \[[@B69-nanomaterials-10-00235]\].

Prior to their use, NPs were exposed for 16 min to sonication at room temperature in a Transonic T460/H device (Elma Electronic GmbH, Pforzheim, Germany) to reduce NP aggregation. Zeta potentials and particle size distribution of the NP dispersions were determined by dynamic light scattering (DLS) technique using Zetasizer Nano ZSP (Malvern Instruments Ltd., Malvern, UK). DLS revealed that CeO~2~ NPs present a hydrodynamic diameter of 130 nm in aqueous media, indicating NP aggregation; a zeta potential of 41 mV suggests that CeO~2~ NPs were positively-charged and stable in suspension. ASNPs present a hydrodynamic diameter of 284 nm in aqueous media and a zeta potential of −43 mV.

2.2. Yeast Strains and Growth Conditions {#sec2dot2-nanomaterials-10-00235}
----------------------------------------

A low-efflux mutant (W303 *pdr1Δpdr3Δ*; *MATα can1--100*, *his3--11,15*, *leu2--3,112*, *trp1-1*, *ura3-1*, *ade2-1*, *pdr1::kanMX, pdr3::kanMX*) containing two copies of the gene that encodes the green fluorescent protein (GFP) integrated into the *URA3* and *TRP1* loci was used as reference (wild-type, WT) strain in this work. The HiTox strain (W303 *pdr1Δpdr3Δ* genetic background) carrying two copies of the *α-syn-GFP* gene integrated into the *URA3* and *TRP1* loci was used as PD model. In WT and HiTox strains, the expressions of *GFP* and *α-syn-GFP* genes were under the control of the galactose-inducible *GAL1* promoter. These strains were kindly provided by the laboratory of Susan Lindquist \[[@B25-nanomaterials-10-00235],[@B29-nanomaterials-10-00235],[@B32-nanomaterials-10-00235]\].

WT and HiTox strains were grown at 28 °C in synthetic defined minimal medium containing 0.67% (w/v) yeast nitrogen base without amino acids, adenine (20 μg/mL), histidine (20 μg/mL), leucine (30 μg/mL), and 2% (w/v) glucose (SD medium; 'repressing' condition) or galactose (SGal medium; 'inducing' condition) as carbon source.

For mitochondrial morphology analysis, WT and HiTox strains were transformed with pYX142 plasmid (*LEU* selectable marker) expressing a mitochondrial-localized red fluorescent protein (mtRFP) provided by the laboratory of Dr. Winderickx (KU Leuven, Leuven, Belgium). Yeast transformants were selected in SD medium lacking leucine.

2.3. Cytotoxicity Assays {#sec2dot3-nanomaterials-10-00235}
------------------------

For serial dilution 'spot' assays \[[@B70-nanomaterials-10-00235]\], yeast cells pre-cultured at 28 °C in SD medium for 24 h were collected by centrifugation, washed twice with sterile milliQ water, and adjusted to an OD~600~ (optical density at 600 nm) value of 1.0. Cells were serially diluted in ten-fold increments prior to spotting (4 μL aliquots for each dilution) onto selective SD or SGal agar plates. Yeast growth was examined by visual inspection (and photographically recorded) after incubation at 28 °C for 48 h.

For clonogenic assays \[[@B71-nanomaterials-10-00235]\], yeast pre-cultures in SD medium were collected, washed, diluted to an OD~600~ value of 0.05 with SGal medium and transferred to 96-well plates. Cells were incubated with different concentrations of NPs (10--100 ng/μL) for 48 h at 28 °C without agitation. Parallel controls without NP treatment were also provided. Cultures were then diluted 500-fold with sterile milliQ water and an aliquot of each dilution was seeded in SD agar plates. Colonies were allowed to form for 72 h and colony-forming units (CFU) were recorded.

2.4. Enzymatic Cell Wall Degradation {#sec2dot4-nanomaterials-10-00235}
------------------------------------

Yeast pre-cultures in SD medium were collected, washed and diluted to an OD~600~ value of 0.2 with SGal medium. Cells were grown for 1.5 h at 28 °C and then treated with lyticase (500 U/OD~600~ unit of cells; Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 28 °C to degrade cell walls. After lyticase treatment, spheroplasts were centrifugated, resuspended in SGal medium and incubated at 28 °C for 4 h in the presence (or not) of CeO~2~ NPs (50 ng/μL). Aliquots of spheroplasts were then analyzed by optical microscopy (see below).

2.5. Fluorescence Microscopy Analysis {#sec2dot5-nanomaterials-10-00235}
-------------------------------------

Image acquisition and analysis were performed with a Zeiss Axio Imager.Z2 fluorescence microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). To ensure reproducibility between experiments, all images were recorded with the same microscope settings.

For the analysis of α-syn-GFP cellular localization, yeast cells were cultivated under the same conditions used for clonogenic assays. Cells with fluorescent cytoplasmic aggregates (foci) or with α-syn associated with plasma membranes were scored by examining 150 cells in at least three independent experiments. The percentage of 'positive' cells was calculated relative to the total cell number in the counted fields.

For cell wall staining, yeast cells were collected as previously described, washed in water and stained for 30 min at 28 °C in the dark with calcofluor white M2R (excitation/emission at 365 nm and 435 nm; Thermo Fisher Scientific, Waltham, MA, United States) at a final concentration of 25 μM.

For mitochondrial morphology analysis, yeast cells (starting from an OD~600~ value of 0.1) were grown in SGal medium in the presence or in the absence of CeO~2~ NPs (50 ng/μL) and incubated with agitation for 24 h at 28 °C. Cells were then directly analyzed with a fluorescence microscope (TRITC filter). RFP fluorescence was used to investigate the mitochondrial morphology and to discriminate between two types of mitochondrial morphologies, the wild-type 'tubular' and the fragmented mitochondria.

Oxidative stress was detected in yeast cells (starting from an OD~600~ value of 0.1) grown in SGal medium in the presence or in the absence of CeO~2~ NPs (50 ng/µL) and incubated with agitation for 4 h at 28 °C. Cells were then stained for 30 min at 37 °C with CellROX™ Orange Reagent (5 μM, final concentration) according to manufacturer's instructions (Thermo Fisher Scientific). This cell-permeant dye is non-fluorescent in a reduced state and exhibits bright orange fluorescence (with excitation/emission at 545/565 nm) upon oxidation mediated by ROS generated by various agents.

2.6. Flow Cytometry Analysis {#sec2dot6-nanomaterials-10-00235}
----------------------------

Flow cytometry (FC) analysis was conducted using a NovoCyte^®^ flow cytometer (ACEA Biosciences Inc., San Diego, CA, USA) and the images recorded were elaborated using the Novocyte^®^ Express software. At least 20,000 cells (events) were collected in each specimen and analysis was conducted on viable α-syn-expressing cells (FITC positive). For side scatter (SSC) measurement, yeast cells were grown in SGal medium for 24 h and 48 h at 28 °C in the presence of CeO~2~ NPs (50 ng/μL) or ASNPs (100 ng/μL) prior to FC analysis. Parallel controls without NP treatment were also provided.

MitoTracker™ Deep Red (MTDR; Thermo Fisher Scientific), a far red-fluorescent dye (with excitation/emission at 644/665 nm) that stains mitochondria in living cells, was used for mitochondrial labeling analysis with FC. An unstained sample control was used to detect the signal of autofluorescence. Yeast cells were grown in SGal medium for 4 h at 28 °C in the presence (or not) of CeO~2~ NPs (50 ng/μL). Cells were then harvested, resuspended in milliQ water and stained at 28 °C for 30 min with MTDR (at a final concentration of 0.5 nM) according to the manufacturer's instructions (Thermo Fisher Scientific).

2.7. Protein Extractions and NP-Protein Binding Assay {#sec2dot7-nanomaterials-10-00235}
-----------------------------------------------------

Cell extracts were prepared from yeast cultures grown in SGal medium for 6 h at 28 °C in the presence (or not) of CeO~2~ NPs (25--50 ng/μL). Cells were harvested by centrifugation, resuspended in ice-cold lysis buffer (25 mM Tris-HCl pH 7.5, 50 mM KCl, 1 mM MgCl~2~, 1 mM EDTA, 1% Triton X-100, 10% glycerol, and protease inhibitors) supplemented with an equal volume of glass beads (0.5 mm diameter), and lysed by five rounds of vigorous vortexing (1 min stroke followed by 5 min incubation on ice) with a Mini-Beadbeater-16 (BioSpec Products Inc., Bartlesville, OK, USA). The resulting lysates were clarified by centrifugation (at 14,000 rpm for 30 min, 4 °C) and the protein concentration in each supernatant fractions was determined with the Bradford reagent (Bio-Rad, Hercules, CA, USA).

Yeast protein extract obtained from untreated HiTox strain (800 μg total protein) was used for α-syn binding in vitro using an experimental protocol described previously \[[@B72-nanomaterials-10-00235]\]. Protein extract from WT strain (which does not express α-syn) was used as a negative control. Briefly, cell extracts (7 g/L protein) were incubated in the presence of 0.5 g/L CeO~2~ NPs in phosphate-buffered saline (PBS) at 4 °C for 16 h with gentle agitation. CeO~2~ NPs, along with their adsorbed yeast proteins, were recovered by ultracentrifugation (at 40,000 rpm for 20 min, 4 °C), and unbound proteins were removed by rinsing the pellet five times in PBS. After each rinse, the pellets were gently vortexed, re-centrifuged (at 40,000 rpm for 20 min, 4 °C) and supernatants were discarded. Adsorbed proteins were eluted from the NP surface by a 1 h incubation at room temperature in PBS, then denatured at 100 °C for 5 min.

2.8. Dot Blot Analysis {#sec2dot8-nanomaterials-10-00235}
----------------------

Dot blot analysis was performed in a 96-well plate format using a Bio-Dot^®^ microfiltration apparatus (Bio-Rad, Herakles, CA, USA) for vacuum-transfer of the samples to nitrocellulose membranes (0.2 μm pore-size; Bio-Rad) pre-wetted with Tris-buffered saline (TBS; 20 mM Tris-HCl pH 7.5, 0.8% NaCl). Sample-loaded membranes were then blocked by incubation for 2 h at room temperature in TTBS (TBS supplemented with 0.1% Tween 20) containing 5% (w/v) bovine serum albumin (BSA). After blocking, membranes were incubated overnight at 4 °C with an anti-α-syn antibody (Santa Cruz Biotechnology Inc., Dallas, TX, USA; 1:200 dilution). An anti-Pgk1 antibody (Abcam, Cambridge, UK; 1:2000 dilution) was used as a loading control. Following washing with TTBS, membranes were incubated for 1 h at room temperature with IRDye-labeled goat anti-rabbit (for anti-α-syn) or goat anti-mouse (for anti-Pgk1) secondary antibodies (LI-COR Biosciences, Lincoln, NE, United States; 1:10000 dilution). Following washing with TTBS, membranes were dried and visualized with a Chemidoc MP Imaging System (Bio-Rad).

2.9. Statistical Analysis {#sec2dot9-nanomaterials-10-00235}
-------------------------

Statistical analysis was performed using GraphPad Prism v6.0. For each experiment, three biological replicates and at least three technical replicates were performed. Statistical analysis was performed using one-way ANOVA, followed by Dunnett's multiple comparisons test (\*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; \*\*\*\*, *p* \< 0.0001).

3. Results {#sec3-nanomaterials-10-00235}
==========

3.1. CeO~2~ NPs Counteract α-syn-induced Toxicity in the Yeast Model System {#sec3dot1-nanomaterials-10-00235}
---------------------------------------------------------------------------

In the present study, we used a validated yeast model of PD (HiTox strain) \[[@B25-nanomaterials-10-00235],[@B26-nanomaterials-10-00235],[@B28-nanomaterials-10-00235],[@B30-nanomaterials-10-00235]\] to investigate the effects of CeO~2~ NPs on α-syn-induced toxicity. This strain contains two copies of the gene encoding α-syn fused to GFP integrated into the yeast genome under the control of a galactose-inducible promoter. In 'inducing' growth conditions (SGal medium), α-syn is overexpressed and causes a strong inhibition of the yeast cell growth compared with the reference strain ([Figure 1](#nanomaterials-10-00235-f001){ref-type="fig"}a). A clonogenic assay was performed using HiTox strain (see 'Materials and Methods' for details) to assess whether CeO~2~ NPs can counteract the α-syn-induced toxicity. Yeast cells were grown at 28 °C in selective SGal medium and exposed to different concentrations of CeO~2~ NPs (10--100 ng/μL) for 48 h. Aliquots of each sample were then diluted and seeded in selective glucose-containing (SD) agar plates. The number of CFU was recorded after 72 h of incubation at 28 °C in control (untreated) and treated samples. As shown in [Figure 1](#nanomaterials-10-00235-f001){ref-type="fig"}b, CeO~2~ NPs strongly increased the viability of the α-syn-expressing cells, when compared with control samples. Clonogenic assay displayed a bell-shaped dose-response curve ([Figure 1](#nanomaterials-10-00235-f001){ref-type="fig"}b), showing that the beneficial effect of CeO~2~ NPs was attenuated at the highest concentration tested (100 ng/μL).

To evaluate whether the effect observed was specific for these NPs, the clonogenic assay was also performed in the presence of ASNPs (10-100 ng/μL), another type of biocompatible NPs that seem to interact with α-syn \[[@B73-nanomaterials-10-00235]\]. In contrast with CeO~2~ NPs, ASNPs did not counteract the toxicity of α-syn in yeast cells, but at the highest dose (100 ng/µL) further reduced the viability of the HiTox strain (50% reduction of viability compared with the untreated sample).

After 48 h of growth in 'inducing' conditions, yeast cells were monitored using an optical microscope ([Figure 1](#nanomaterials-10-00235-f001){ref-type="fig"}c). As expected, untreated cells or cells treated with ASNPs showed an altered and heterogeneous morphology resembling the senescence-like phenotype reported for aged cells with the presence of bigger mother cells and smaller round-shaped daughters \[[@B74-nanomaterials-10-00235],[@B75-nanomaterials-10-00235]\]. Conversely, oval-shaped budding cells were observed after the treatment with CeO~2~ NPs, indicating the presence of dividing normal cells still after 48 h from the induction of α-syn expression.

To monitor the effects of CeO~2~ NPs in early phases of growth, we observed yeast cells after a few hours of exposure (4 h) in 'inducing' conditions ([Figure 2](#nanomaterials-10-00235-f002){ref-type="fig"}a). Microscope observation revealed that α-syn-expressing yeast cells were 'caged' by these NPs, which appeared to be firmly bound to the outside of the cells ([Figure 2](#nanomaterials-10-00235-f002){ref-type="fig"}a). This effect disappeared after 48 h of growth in the presence of CeO~2~ NPs ([Figure 1](#nanomaterials-10-00235-f001){ref-type="fig"}c) indicating that CeO~2~ NPs can be internalized in a time-dependent manner in yeast cells. To validated this hypothesis, a flow cytometric analysis was then conducted in yeast cells treated (or not) with the most effective concentration of CeO~2~ NPs (50 ng/μL). Using a gating strategy that eliminated dead cells, cellular debris and smaller-sized particulates, we analyzed viable α-syn-expressing cells to generate histogram plots for side scatter (SSC) signals ([Figure 2](#nanomaterials-10-00235-f002){ref-type="fig"}b). SSC data provide information about the internal complexity (i.e., granularity) of the cell, and previous reports have shown a correlation between increasing SSC signals and cellular uptake of NPs \[[@B76-nanomaterials-10-00235],[@B77-nanomaterials-10-00235],[@B78-nanomaterials-10-00235],[@B79-nanomaterials-10-00235],[@B80-nanomaterials-10-00235]\]. A time-dependent increase of SSC signals was observed in CeO~2~ NP-treated cells compared with control cells, indicating that these NPs were internalized in yeast cells ([Figure 2](#nanomaterials-10-00235-f002){ref-type="fig"}b).

To assess whether components of the cell wall or plasma membrane can mediate the adsorption of CeO~2~ NPs, yeast cells were pretreated with lyticase, a hydrolytic enzyme that selectively degrades the cell wall of vegetative cells. Cell wall digestion was assessed by staining with calcofluor white, a chitin/chitosan-binding dye ([Figure 2](#nanomaterials-10-00235-f002){ref-type="fig"}c). Cells pretreated with lyticase showed degraded cell walls and a high adsorption of CeO~2~ NPs on the cell surface ([Figure 2](#nanomaterials-10-00235-f002){ref-type="fig"}c). The interaction between CeO~2~ NPs and plasma membranes could represent an important step in the cellular uptake of these NPs. Considering the zeta potential of CeO~2~ NPs (41 mV; see 'Materials and Methods' for details), it is possible that an electrostatic interaction with negatively-charged plasma membranes can favour the adsorption of these NPs. Of note, no interaction with the cell surface was observed with negatively-charged ASNPs (zeta potential, −43 mV) even at the highest concentration tested (100 ng/µL; [Figure 2](#nanomaterials-10-00235-f002){ref-type="fig"}a). ASNPs appeared to be internalized in yeast to a lesser extent respect to CeO~2~ NPs ([Figure S1](#app1-nanomaterials-10-00235){ref-type="app"}) and a different mechanism may be responsible for the uptake of these negatively-charged NPs \[[@B81-nanomaterials-10-00235]\].

3.2. CeO~2~ NPs Counteract α-syn Foci Formation {#sec3dot2-nanomaterials-10-00235}
-----------------------------------------------

When expressed in yeast, α-syn first accumulates at the plasma membrane in a highly selective manner before forming cytoplasmic inclusions (intracellular foci; [Figure 3](#nanomaterials-10-00235-f003){ref-type="fig"}a, upper panel) that cause cellular toxicity \[[@B25-nanomaterials-10-00235],[@B27-nanomaterials-10-00235],[@B28-nanomaterials-10-00235],[@B30-nanomaterials-10-00235]\]. Interestingly, the formation of α-syn foci and the resulting growth defect were reversed by genetic and chemical suppressors of α-syn toxicity that are also effective in human cells and animal models \[[@B27-nanomaterials-10-00235],[@B28-nanomaterials-10-00235],[@B29-nanomaterials-10-00235],[@B30-nanomaterials-10-00235],[@B31-nanomaterials-10-00235],[@B32-nanomaterials-10-00235],[@B34-nanomaterials-10-00235],[@B35-nanomaterials-10-00235],[@B36-nanomaterials-10-00235]\].

The effects of CeO~2~ NPs on the formation, accumulation and localization of α-syn--GFP cytoplasmic aggregates were therefore analyzed ([Figure 3](#nanomaterials-10-00235-f003){ref-type="fig"}). Treatment with CeO~2~ NPs strongly reduced the formation of fluorescent cytoplasmic inclusions of α-syn in a dose-dependent manner ([Figure 3](#nanomaterials-10-00235-f003){ref-type="fig"}a,b) and this effect correlated with the efficacy of CeO~2~ NPs to counteract α-syn toxicity ([Figure 1](#nanomaterials-10-00235-f001){ref-type="fig"}b). In addition, exposure to CeO~2~ NPs causes a nearly exclusive plasma membrane localization of α-syn ([Figure 3](#nanomaterials-10-00235-f003){ref-type="fig"}a,c).

To exclude the possibility that CeO~2~ NPs do not simply inhibit the expression of α-syn driven by *GAL1* promoter, a dot blot analysis using an anti-α-syn antibody was performed to evaluate the expression levels of this protein ([Figure 3](#nanomaterials-10-00235-f003){ref-type="fig"}d). An anti-Pgk1 antibody was used as housekeeping/loading control. No measurable reduction for α-syn abundance was observed upon NP treatment compared with untreated sample ([Figure 3](#nanomaterials-10-00235-f003){ref-type="fig"}d). These results suggest a possible direct interaction of these NPs with α-syn in monomeric or oligomeric state.

3.3. CeO~2~ NPs Reverse Mitochondrial Damage and Decrease ROS Production Induced by α-syn Overexpression {#sec3dot3-nanomaterials-10-00235}
--------------------------------------------------------------------------------------------------------

Mitochondrial stress is an early signature of α-syn toxicity in both yeast and mammalian cells \[[@B32-nanomaterials-10-00235],[@B82-nanomaterials-10-00235],[@B83-nanomaterials-10-00235]\]. To analyze mitochondrial morphology in living cells, HiTox strain was transformed with a plasmid expressing a mitochondrial-localized red fluorescent protein (mtRFP). The import of mtRFP into the mitochondrial compartment appears not to be hampered in respiratory-deficient mutants with reduced membrane potential. The possibility of a direct microscope observation without the need of pre-incubation, the relative independence on the mitochondrial membrane potential, and the relatively stable fluorescence of RFP are obvious advantages of the use of mtRFP for mitochondrial morphology analysis.

In wild-type yeast cells, mitochondria form an extensive tubular reticulum, and this morphology is maintained by coordinated fission and fusion events. This network disintegrates during stress conditions that cause cell toxicity, yielding smaller mitochondria \[[@B84-nanomaterials-10-00235],[@B85-nanomaterials-10-00235],[@B86-nanomaterials-10-00235]\]. We observed that, after 24 h of induction, α-syn-expressing cells showed fluorescent punctuated structures indicating the presence of fragmented mitochondria ([Figure 4](#nanomaterials-10-00235-f004){ref-type="fig"}a, left panel). Conversely, the treatment with CeO~2~ NPs at the most effective concentration (50 ng/µL; [Figure 1](#nanomaterials-10-00235-f001){ref-type="fig"}b) restored the wild-type mitochondrial morphology ([Figure 4](#nanomaterials-10-00235-f004){ref-type="fig"}a, right panel) consisting in a branched tubular network. These results underlined how these NPs can prevent not only the cytotoxicity, but also the mitochondrial fragmentation induced by α-syn overexpression.

Protective effects of CeO~2~ NPs on mitochondrial functionality were also tested after few hours (4 h) from the induction of α-syn expression in yeast cells. Flow cytometric analyses were conducted using MTDR, a specific dye that selectively stains undamaged mitochondria in living cells. MTDR passively diffuses across the plasma membrane and then accumulates in active mitochondria in a potential-dependent manner, and subsequently, it covalently binds the thiol groups of the cysteine residues of mitochondrial proteins \[[@B87-nanomaterials-10-00235]\]. Using a gating strategy, we showed that α-syn-expressing cells had a significantly higher amount of actively respiring mitochondria (50% increment) already after a few hours of NP treatment ([Figure 4](#nanomaterials-10-00235-f004){ref-type="fig"}b). Overall, these results confirmed that CeO~2~ NP exposure improves mitochondrial functionality in HiTox strain.

Mitochondrial damage determined by an overexpression of α-syn in yeast cells causes a massive generation of ROS \[[@B32-nanomaterials-10-00235],[@B88-nanomaterials-10-00235]\]. To quantify the generation of ROS in living cells, we used a dye (CellROX) which allows to detect several types of ROS in vivo. As already observed in an Alzheimer's disease (AD) mouse model \[[@B49-nanomaterials-10-00235]\], CeO~2~ NPs significantly decreased the free radical pool in the yeast PD model ([Figure 4](#nanomaterials-10-00235-f004){ref-type="fig"}c).

3.4. CeO~2~ NPs Directly Interact with α-syn In Vitro {#sec3dot4-nanomaterials-10-00235}
-----------------------------------------------------

High-throughput chemical screenings show that the action of compounds that strongly counteract α-syn toxicity in yeast do not seem to be strictly related to their antioxidant activity, although these compounds cause a marked reduction of ROS generation in yeast cells \[[@B32-nanomaterials-10-00235]\]. It is then possible that the beneficial effects observed with the treatment of CeO~2~ NPs may be mainly due to a direct action of these NPs on α-syn aggregate formation and that a reduction of mitochondrial damage and ROS generation may be related to a reduced formation of α-syn toxic aggregates mediated by NPs. To validate this hypothesis, yeast proteins adsorbed on the NP surface were isolated using a previously developed protocol for the identification of hard corona proteins \[[@B72-nanomaterials-10-00235]\]. Protein extracts obtained from WT and HiTox strains were incubated with gentle agitation in the presence of CeO~2~ NPs. After incubation for 24 h, the NPs and the absorbed proteins were recovered by centrifugation (see 'Materials and Methods' for details). Unbound proteins were washed out, and yeast proteins adsorbed with high-affinity were eluted out from the NP surface and then analyzed using dot blot analysis with an anti-α-syn antibody ([Figure 5](#nanomaterials-10-00235-f005){ref-type="fig"}). Dot blot analysis showed the presence of α-syn in the fractions adsorbed to the CeO~2~ NP surface, indicating a direct interaction between CeO~2~ NPs and α-syn. These results agree with recently published papers which show how CeO~2~ NPs have the best fitting for the active site of α-syn using a computational approach \[[@B52-nanomaterials-10-00235],[@B66-nanomaterials-10-00235]\].

4. Discussion {#sec4-nanomaterials-10-00235}
=============

In this study, we investigated the effect of the CeO~2~ NPs on α-syn-mediated toxicity using a yeast model of PD (HiTox strain) which has been successfully used not only for high-throughput chemical and genetic screenings, but also to study molecular mechanisms of PD \[[@B25-nanomaterials-10-00235],[@B89-nanomaterials-10-00235],[@B90-nanomaterials-10-00235]\]. In this model, overexpression of α-syn perturbs vesicle trafficking in yeast and causes inhibition of cell growth in association with the formation of cytoplasmic inclusions formed by clusters of vesicles that contain monomeric or oligomeric aggregates of α-syn, but not amyloid fibrils \[[@B29-nanomaterials-10-00235],[@B89-nanomaterials-10-00235],[@B91-nanomaterials-10-00235]\]. This is in agreement with the results recently reported by Shahmoradian and colleagues \[[@B92-nanomaterials-10-00235]\] which show that the Lewy bodies in PD patients consist of lipid vesicle clusters and fragmented organelles, including mitochondria, with high local concentrations of non-fibrillar α-syn molecules. An abnormal formation of vesicle clusters mediated by α-syn in pathological conditions could cause a failure to achieve the correct distributions of these vesicles \[[@B18-nanomaterials-10-00235]\]. Interactions with phospholipid membrane surface are then linked not only to the biological function of α-syn but also to its role in the etiology of PD. α-Syn can misfold, aggregate and form fibrils when it is in contact with phospholipid vesicles \[[@B28-nanomaterials-10-00235],[@B33-nanomaterials-10-00235],[@B93-nanomaterials-10-00235],[@B94-nanomaterials-10-00235],[@B95-nanomaterials-10-00235],[@B96-nanomaterials-10-00235]\]. Moreover, all genetic mutations so far identified in the α-syn (*SNCA*) gene which leads to familial PD are located in the N-terminal lipid-binding domain of this protein, and mutations in components that affect vesicle trafficking are important risk factors for PD \[[@B97-nanomaterials-10-00235]\].

Increasing interest for nanostructured materials \[[@B98-nanomaterials-10-00235]\] and, in particular, to CeO~2~ NPs in neurodegenerative diseases is due to their properties as ROS scavengers and to the small size of these NPs that allows their passage through the blood--brain barrier (BBB) \[[@B41-nanomaterials-10-00235],[@B99-nanomaterials-10-00235],[@B100-nanomaterials-10-00235],[@B101-nanomaterials-10-00235]\]. CeO~2~ NPs protect neurons from ROS-induced damage \[[@B102-nanomaterials-10-00235]\] and alleviate clinical symptoms in different models of neurodegenerative diseases, as AD \[[@B47-nanomaterials-10-00235],[@B103-nanomaterials-10-00235]\] or multiple sclerosis \[[@B99-nanomaterials-10-00235]\]. These neuroprotective effects have been attributed to the prevention of ROS generation, reduction of mitochondrial fragmentation, attenuation of apoptosis, and regulation of signal transduction pathways involved in neuroprotection mediated by CeO~2~ NPs \[[@B47-nanomaterials-10-00235],[@B99-nanomaterials-10-00235],[@B103-nanomaterials-10-00235]\]. So far, few reports have focused on the treatment of PD models with CeO~2~ NPs. CeO~2~ NPs preserve neuronal viability on a 1-methyl-4-phenyl-1,2,3,6-tetrahydropiridine (MPTP)-mouse model of PD \[[@B104-nanomaterials-10-00235]\] and improve motor performance in a 6-hydroxydopamine (OHDA)-induced mouse model of PD \[[@B50-nanomaterials-10-00235]\].

Here, we show that CeO~2~ NPs markedly reduce α-syn cytotoxicity in a dose-dependent manner and affect the cellular localization of α-syn, resulting in a nearly exclusive plasma membrane-associated localization, as observed upon treatment with other bioactive compounds \[[@B27-nanomaterials-10-00235],[@B32-nanomaterials-10-00235]\]. In yeast, α-syn associates early with the plasma membrane, and transitions from the plasma membrane to foci of stalled vesicles was observed when it accumulates to toxic levels \[[@B27-nanomaterials-10-00235],[@B32-nanomaterials-10-00235]\]. CeO~2~ NPs drastically inhibit the accumulation in vivo of α-syn cytoplasmic aggregates and restore molecular pathways altered by α-syn overexpression, without lowering the expression of this protein. As observed in an AD-mouse model \[[@B47-nanomaterials-10-00235]\], CeO~2~ NPs prevent mitochondrial fragmentation and ROS overproduction. These effects are more probably due to a direct interaction with α-syn, which prevents the formation of its toxic aggregates, rather than to the antioxidant properties of these NPs. Moreover, in vitro binding assays with yeast protein extracts show that α-syn is adsorbed with high affinity onto the surface of CeO~2~ NPs.

In addition, our data suggest that CeO~2~ NPs are time-dependently internalized by yeast cells and that a fast (and strong) interaction with the plasma membranes may positively influence this process. Consistently, it is known that CeO~2~ NPs are internalized by neurons and accumulate in biological membranes of mammalian cells \[[@B47-nanomaterials-10-00235],[@B105-nanomaterials-10-00235]\]. Although the mechanism for cellular uptake of CeO~2~ NPs needs further study in yeast, we can speculate that these NPs can be internalized with a two-step process. The attachment of the NPs to the plasma membrane can represent the first crucial step mediated by electrostatic interactions with negatively-charged phospholipid headgroups. Subsequently, NPs can be internalized via several mechanisms like pinocytosis or endocytosis. The adsorption via electrostatic interaction could also lead to a bending of the membrane, favoring endocytosis for cellular uptake.

It is also possible that the strong binding capacity of these positively-charged NPs to the plasma membranes could also promote the physical interaction between NPs and α-syn. We have in fact observed that negatively-charged ASNPs, which do not show any detectable interactions with the plasma membranes in yeast cells, do not have protective effects on the growth of the PD strain and could even contribute to the aggregation (and then to the toxicity) of α-syn, as observed in mammalian cells \[[@B106-nanomaterials-10-00235]\] and for other NPs \[[@B107-nanomaterials-10-00235],[@B108-nanomaterials-10-00235]\].

When α-syn is bound to vesicles, the highly aggregation-prone non-amyloid component (NAC) region (residues 61--95) of this protein is in an α-helical conformation and acts as a membrane sensor \[[@B109-nanomaterials-10-00235]\]. Since the N-terminal domain and NAC region are necessary for initiating the α-syn misfolding, small molecules (as CeO~2~ NPs) that are capable of stabilizing the physiological α-helical vesicle-bound conformation of α-syn might interfere with its pathogenic aggregation \[[@B13-nanomaterials-10-00235],[@B94-nanomaterials-10-00235]\]. Docking studies \[[@B52-nanomaterials-10-00235],[@B66-nanomaterials-10-00235]\] showed that CeO~2~ NPs exhibit excellent interactions with crucial residues of the N-terminal membrane-bound domain of α-syn, and it is possible that the interaction with this domain can prevent the conformational changes leading to misfolding and aggregation of α-syn. Further studies are required to better elucidate this issue, but the present work shows how the use of a simplified model of PD can be informative to assess the anti-aggregation properties of small molecules and better understand how α-syn aggregates can acquire their neurotoxic properties and interact with metabolic pathways. Evolutionarily-conserved key molecular components shared between yeast and neurons make it a good model for the study of cellular metabolic events involved in PD \[[@B110-nanomaterials-10-00235]\], but considering the highly specialized function of neurons, yeast studies represent only the starting point to understand such complex diseases. The distance of this study conducted in a yeast model system from an application to a novel treatment of PD is still far; nevertheless, the knowledge obtained in this work may open new possibilities to target PD and related synucleinopathies.
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The following are available online at <https://www.mdpi.com/2079-4991/10/2/235/s1>, Figure S1: Flow cytometry analysis of α-syn-expressing cells exposed to ASNPs.
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![CeO~2~ NPs strongly increase the viability of yeast cells expressing human α-syn. (**a**) Serial dilution spot assays (10-fold input cell dilutions ranging from 10^1^ to 10^4^) were performed on wild-type (WT) and HiTox (PD) strains. Cells were spotted on agar plates containing glucose (SD; 'repressing' conditions) or galactose (SGal; 'inducing' conditions) as a carbon source, and growth was assessed after 48 h at 28 °C. The extreme toxicity of α-syn expressed in the PD model under the control of the galactose-inducible promoter is shown in the *right* panel. (**b**) Dose-response plot of the protective effects of CeO~2~ NPs against α-syn toxicity determined by clonogenic assay. The number of colony-forming units (*CFU*) developed on agar plates at 28 °C for 72 h were recorded and counted manually. Data are the mean ± SD of three independent experiments performed at least in triplicate. Significance was determined by one-way ANOVA with Dunnett's multiple comparisons test. \*, *p* \< 0.05; \*\*\*, *p* \< 0.001; \*\*\*\*, *p* \< 0.0001. (**c**) α-Syn-expressing cells were grown with or without ASNPs (50 ng/μL) or CeO~2~ NPs (50 ng/μL) for 48 h at 28 °C prior to observation. Large mother cells are indicated with black arrows. Phase-contrast microscopy images were shown. *CNT* indicates the control (untreated) sample, and scale bars were set at 5 μm.](nanomaterials-10-00235-g001){#nanomaterials-10-00235-f001}

![The interaction between CeO~2~ NPs and plasma membranes can promote the beneficial effects of these NPs in yeast. (**a**) α-Syn-expressing cells were grown with or without ASNPs (100 ng/μL) or CeO~2~ NPs (50 ng/μL) for 4 h at 28 °C prior to microscopy observations. *CNT* indicates the control (untreated) sample and scale bars were set at 5 μm. (**b**) Flow cytometry (FC) analysis of α-syn-expressing cells grown on SGal medium with or without CeO~2~ NPs for different times of incubation (24--48 h). A schematic representation of SSC signal detection by FC was illustrated (*right panel*) in which an optical detector measures light scatter at a ninety-degree angle relative to the laser beam of FC. **(c)** Yeast cells untreated (*left*) or treated (*right*) with lyticase were exposed to CeO~2~ NPs (50 ng/μL) for 4 h at 28 °C and then stained with calcofluor white. Phase contrast (*left-side*) and fluorescence (*right-side*) microscopy images were shown. Scale bars were set at 5 μm.](nanomaterials-10-00235-g002){#nanomaterials-10-00235-f002}

![CeO~2~ NPs affect α-syn localization and toxic foci accumulation. (**a**) Microscope observation of α-syn-GFP-expressing cells (HiTox strain) grown with or without CeO~2~ NPs (50 ng/µL) for 48 h at 28 °C. For each sample, phase contrast (*left*) and fluorescence (*right*) microscopy images were shown. *CNT* indicates the control (untreated) sample, and scale bars were shown at 5 µm. (**b**) Yeast cells were treated with different concentrations of CeO~2~ NPs (10--100 ng/µL) for 48 h at 28 °C and the percentages of cells with α-syn cytoplasmic foci were quantified relative to the total number of cells. Significance was determined by one-way ANOVA with Dunnett's multiple comparisons test (\*\*, *p* \< 0.01; \*\*\*\*, *p* \< 0.0001). (**c**) Yeast cells were treated as indicated in (**b**) and the percentages of cells with α-syn associated to the plasma membrane (PM) were quantified relative to the total number of cells. (**d**) Representative results of a dot blot analysis performed with an anti-α-syn antibody on whole cell extract samples (10 µg total protein each) derived from untreated (1) or NP-treated samples \[CeO~2~ NP concentrations: 25 ng/µL (2); 35 ng/µL (3); 50 ng/µL (4)\]. Immunoreactivity with the constitutively expressed phoshoglycerate kinase enzyme (Pgk1) served as a loading control.](nanomaterials-10-00235-g003){#nanomaterials-10-00235-f003}

![CeO~2~ NPs restore mitochondrial morphology and decrease ROS production in α-syn-expressing cells. (**a**) HiTox strain transformed with a construct for the expression of mitochondrial-localized RFP was grown in 'inducing' medium (SGal) for 24 h with (*right*) or without (*left*) CeO~2~ NPs (50 ng/µL). For each sample, phase contrast (*left-side*) and fluorescence (*right-side*) microscopy images were shown. *CNT* indicates the control (untreated) sample, and scale bars were set at 5 µm. (**b**) Yeast cells were grown in SGal medium for 4 h with or without CeO~2~ NPs (50 ng/µL). Active mitochondria in α-syn-expressing (GFP-positive) cells were monitored by MitoTracker Deep Red (MTDR) fluorescence using flow cytometer analysis in APC channel. Representative histogram plots were shown, and the percentages of MTDR-positive mitochondria in α-syn-expressing cells were indicated for each sample. (**c**) After NP exposure for 4 h, the cells were stained with CellROX^®^ Orange Reagent and visualized with fluorescence microscopy. CellROX-positive cells were scored. A representative microscope image is shown above the graph. Significance was determined using one-way ANOVA with Dunnett's multiple comparisons test (\*, *p* \< 0.05; \*\*\*, *p* \< 0.001).](nanomaterials-10-00235-g004){#nanomaterials-10-00235-f004}

![α-Syn is adsorbed on the surface of CeO~2~ NPs. Yeast protein extracts obtained from HiTox (PD) and WT strains were used for an in vitro NP-protein binding assay. Adsorbed proteins from HiTox and WT strains (*PD~(a)~* and *WT~(a)~*, respectively) were recovered from CeO~2~ NP surface by a centrifugation-washing procedure and analyzed by dot blot using an anti-α-syn antibody. Aliquots (5 µg) of HiTox and WT protein extracts (*PD~(b)~* and *WT~(b)~*, respectively) were used as controls for immunodetection. An anti-Pgk1 antibody was used as loading control for protein extracts. *PD~(b)~*, protein extract from the HiTox strain (5 µg); *WT~(b)~*, protein extract from the WT strain (5 µg); *PD~(a)~*, absorbed proteins from an in vitro binding assay performed with protein extracts from the HiTox strain; *WT~(a)~*, absorbed proteins from an in vitro binding assay performed with protein extracts from the WT strain.](nanomaterials-10-00235-g005){#nanomaterials-10-00235-f005}
